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Seawater/freshwater interfaceWe have developed a newmarine magnetotelluric (MT) measurement system that can reduce noises caused by
sea wave motions and can be applied to measurements under very shallow seawater areas, such as a coastal
region with a sea depth of 10 to 100m. The difﬁculties of geophysical exploration in shallow water and coastal
areas include (1) ﬁshery activity, (2) limitations of survey vessel size, and (3) motion noise caused by sea
waves. In order to overcome these difﬁculties, we selected a MT method that uses natural EM ﬁelds without
transmitting an electric current in seawater, which enables the method to be used in areas with active inshore
ﬁsheries. In addition, the developed marine MT system is very short, which reduces motion generated by sea
waves, and compact, which enables light-draft small survey boat operation. We conducted offshore data
acquisition using a new MT measurement system and an onshore MT survey at the Horonobe coastal area,
Hokkaido, Japan. High-quality data were successfully obtained in both onshore and offshore ﬁeld surveys.
Two-dimensional (2D) inversion for ﬁeld data fromonshore to sea bottom reveals that a quaternary sedimentary
layer of a few hundred meters in thickness, which was determined by well logging to be a freshwater layer,
extends horizontally offshore for several kilometers under the sea. The results obtained herein demonstrate
that the newly developed marine MT measurement system can be used to clarify the geoelectrical structures
of brackish/fresh groundwater distributions and in coastal areas.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-SA license.1. Introduction
The geological information of coastal areas is important because of
the high concentration of economic and social activities in these areas.
For example, the importance of the saline/freshwater distribution in coastal
areas has been increasingly recognized in groundwater utilization for
municipal, industrial, and agricultural purposes (Mitsuhata et al., 2006).
In addition, coastal areas have been considered as candidate
repository sites of high-level radioactive waste (HLW) (e.g., the nuclear
waste created by the reprocessing of spent fuel) (Tanaka et al., 2003).
The basic national policy of Japan is to isolate HLW underground at a
depth of at least 300m in a stable geologic formation. Coastal areas are
identiﬁed as candidate repository sites for several reasons, such as
transportation and logistical advantages for shipping, the lower hydraulic
gradient of groundwater ﬂow compared with inland areas, and the
general lack of habitation areas downstream of the groundwater ﬂow.
However, seawater intrusions exist in the ground of coastal areas. Open access under CC BY-NC-SA lice(Mitsuhata et al., 2006). The fresh/saltwater boundary in the ground
can move depending on the sea level over long periods of time, e.g.,
thousands to tens of thousands of years (Ito et al., 2010; Tanaka et al.,
2003). Furthermore, the subsurface of coastal areas may contain fossil
seawater that was trapped during sediment formation. These physical
and chemical changes in groundwater may affect subsurface facilities
(Tanaka et al., 2003). Therefore, evaluating brackish/fresh groundwater
distributions and hydrological structures in coastal area is essential
(e.g., Marui, 2003; Marui and Hayashi, 2001).
The hydrology of coastal areas and related groundwater systems has
been investigated extensively, for example, offshore of New Jersey,
North America (Hathaway et al., 1979) and offshore of Surinam, South
America (Groen et al., 2000). In addition to these fundamental studies,
geoscientiﬁc investigations, which seamlessly image subsurface structure
from land to sea, are important in order to clarify the entire hydrological
system beneath a coastal area that involves both onshore and offshore
regions (Fig. 1). Therefore, in Japan, several national and private research
organizations have been conducting research and development in order
to describe the geological structures and hydrological systems of coastal
areas (Hama et al., 2007; Sugihara, 2009; Tokiwa et al., 2013). For
example, several geoscientiﬁc studies, including geological, geochemical,
and hydrological investigations, have focused on groundwater behavior
associated with internal rocks and geological formations, including
both saline and freshwater distributions (Ikawa et al., 2012; Kozainse.
EM Receiver
Geophone
OBC* Air gun
Offshore
Sea
Seafloor
Land
Saline/Fresh
water
Interface
Fault
Fig. 1. Sketch of geophysical explorations of a coastal area. Geophones and ocean bottom cables (OBCs) for seismic exploration and receivers for electromagnetic (EM) ﬁeldmeasurement.
24 T. Ueda et al. / Journal of Applied Geophysics 100 (2014) 23–31et al., 2013). We have also been investigating geophysical methods
for seamlessly evaluating geological structures from land to sea under
a nuclear waste repository research project funded by the Ministry of
Economy, Trade and Industry (METI) of Japan in the Horonobe coastal
area since 2007.
The Horonobe coastal area, which is located along the northwestern
coast of Hokkaido Island (Fig. 2), is part of a sedimentary coastal basin,
which is composed of poorly compacted Neozoic sand-, silt-, and
mudrocks (e.g., Koshigai et al., 2012). In this area, the gradient of the
seaﬂoor is small, e.g., the sea depth is approximately 60m, even 10 km
from shoreline. In order to comprehend the subsurface hydrological
and geological structure, not only seismic and/or borehole logging
methods but also geoelectrical methods, such as direct current electric
and electromagnetic (EM) methods, are important because these
methods can provide resistivity information related to saline/fresh
groundwater (Fig. 1). Furthermore, EM methods are more suitable
than the direct current electric method for geoelectrical investigation
of HLW geological disposal because some EM methods can be used to
investigate deep geoelectrical structure at depths of approximately
10km using low-frequency EM signals.
Both onshore (e.g., Nabighian, 1991) and offshore (e.g., Constable,
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Fig. 2.Map of Hokkaido Island and location of the study area.in commercial exploration and academic research for the past few
decades. Although there has been signiﬁcant progress, especially in
deepwater (water depths greater than approximately 300 m) EM
exploration (e.g., Chave et al., 1991; Constable and Srnka, 2007;
Constable et al., 1998; Hoversten et al., 1998; Kasaya and Goto, 2009;
Kaya et al., 2013; Key, 2011; Key et al., 2013), only a few results and
reports of EM surveys in shallow water (water depths of less than
approximately 300 m) and/or coastal regions (e.g., Andréis and
MacGregor, 2008; Hoversten et al., 2000; Mittet and Morten, 2013;
Weiss, 2007) have been presented. Moreover, very little research and
development has been conducted (e.g., Yoshimura et al., 2006) in sea
areas with water depths ranging from 5 to 100m, which is referred to
herein as very shallow water.
From a practical point of view, the difﬁculties of EM exploration in
very shallow water and in coastal areas lie in (1) ﬁshery activity,
(2) limitations of the survey vessel size, and (3) motion noise caused
by sea waves (Fig. 3) (Fournier and Reeves, 1986; Kinsman, 1965),
especially for frequencies from 10−2 to 100 Hz (period: 1 to 100 s)
(e.g., Webb, 1998; Webb and Crawford, 2010). Under these conditions,
the MT method is suitable because the MT method simply observes
natural EM ﬁelds without transmitting any electric current in water.
Therefore, the MT method does not negatively impact ﬁshery activity
in coastal areas.
However, the MT method requires the measurement of EM signals
typically in the frequency range from 10−3 to 104 Hz (Vozoff, 1991),
including 10−2 to 100Hz, which are subject to contamination bymotion
noise due to seawaves (Fig. 3). In addition tomotion noise, very shallow
water at coastal areas makes it difﬁcult to operate deep-draft survey
ships having adequate payloads for EM survey equipment. For example,
in the Horonobe coastal area, the sea depth is approximately 10 m at
a distance of 1 km from the shoreline. In order to overcome these
difﬁculties, we have developed a new marine MT measurement (ocean
bottom electromagnetometer, OBEM) system for MT data acquisition in
very shallow water, such as coastal regions. The new marine MT
measurement system is very short in order to reduce motions caused
by sea waves and is compact in order to allow light-draft small survey
boat operation.
We began our research by conducting a preliminary hardware test
and data acquisition examination using a synthetic signal generated
by a controlled source at test facilities and conducted ﬁeld experiments
involvingMT data measurement at the coastal area in Horonobe during
2010 and 2011. We also conducted onshore geophysical investigations,
including seismic reﬂection and onshore MT surveys. Using both
onshore and offshore MT data simultaneously, we performed 2D
inversion in order to estimate a 2D resistivity model that is orthogonal
to the shoreline. In addition to these geophysical explorations, we also
conducted a 1000-m-deep drilling and well logging on land near the
coastline of Horonobe ﬁeld to obtain detailed geological information
on the area. Resistivity is a function of porosity and pore ﬂuid resistivity.
Geological and hydrological interpretation based solely on the resistivity
obtained by EM methods is difﬁcult. Therefore, all geoscientiﬁc infor-
mation obtained by various investigations described above have been
interpreted in order to clarify the geological and hydrological structure
under the Horonobe coastal region.
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Fig. 3. Simple sketch of the energy contained in the surface waves of the ocean depending
on period (frequency) based on Kinsman (1965, p. 23).
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2.1. Instrument and its speciﬁcations
ForMT data acquisition in coastal regions, we have developed a new
marine MT measurement system that is able to operate at sea water
depths ranging from 5 to 100 m and to survey to depths of a few
kilometers below the seaﬂoor. The new MT receiver system consists of
three primary components: a data logger, EM sensors, and a baseboard
onto which the other components are ﬁxed (Fig. 4).
The data logger unit contains an electric ﬁeld preamp, an antialiasing
ﬁlter, a 24-bit analog-digital converter for each of the electric and
magnetic components, a CPU, a crystal clock, and a data storagemodule
with a CF card type memory. Two sets of six D-cell (1.5 V) batteries
(total: 9V) supply the digital module, and four AA-cell (1.5V) batteries
(total: 6V) support the analogﬁlter unit. Four 9-V batteries are connected
in parallel to supply electric power to the analog ampliﬁer of the
magnetic sensor. The system supports at least 72 h of data acquisition.
The data logger and batteries are stored in a pressure-resistant container
made of stainless steel having dimensions of 515mm by 165mm and a
water-pressure resistance of 3.5MPa (350m).
We use commercial induction coils (BF-4 sensors manufactured by
Schlumberger-EMI) as a magnetic ﬁeld sensor having a broadband
frequency range of 10−4 to 700 Hz with a length of 1420 mm and a
diameter of 60 mm to measure two horizontal magnetic components.
The induction coil is stored in the newly developed pressure-resistant
container constructed from a non-magnetic GFRP pipe of 1670mm in
length and 65/85mm (ID/OD) in diameter. The container has a double
O-ring connector and a water-pressure resistance of 3MPa (300m).1970 mm
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Fig. 4. Plan view of the new EM receiver system.(a) Data logger with a pressure-resistant
container, (b) magnetic sensor (induction coil) with a pressure-resistant container, (c)
Ag–AgCl electrode, (d) electric dipole pipe, and (e) baseboard.For electric ﬁeld measurement, we used Ag–AgCl non-polarizing
electrodes, which are ﬁxed at the ends of 5-m ﬂexible pipes (Figs. 4
and 5) to measure two horizontal electric voltages. Conventional
OBEMs, such as those presented by Constable et al. (1998), Toh et al.
(1998), and Kasaya and Goto (2009), have typical 10-m electrode
arms. However, the proposed OBEM has 5-m arms in order to prevent
motion noise caused by sea waves and to assist loading on the rear
deck of small survey boats. Data logger and magnetic sensors in each
pressure-resistant container and two pairs of electrodes are ﬁxed to a
triangle shape baseboard shown in Figs. 4 and 5. Table 1 lists the
speciﬁcations for each system.
A small disposable compass is also attached to the baseboard, which
records the Earth's magnetic ﬁeld strength (in three directions), tilt (in
three directions), acceleration, temperature, and depth. The compass is
15mm by 46mm and has non-volatile data storage memory (261,600
bytes, each magnetic data: 13 bytes, temp-depth: 3 bytes) and a life
battery of 1.5 years. A detailed description of the function and the
technical speciﬁcation of the compass are provided on the Star-
Oddi web site (http://www.star-oddi.com/).
The height of the newly developed MT receiver including the
baseboard, the data logger, the induction coils, and their pressure-
resistant containers is less than 250 mm, whereas some conventional
pop-up type OBEMs with glass spheres are 1000 mm in height. This
shortness makes the proposed MT receiver more stable with respect
to motion noise caused by sea waves.2.2. Field operation
In our ﬁeld observation, two sets of MT receivers (each set includes
two anchors, and a buoy tied to a rope, as shown in Fig. 6) are loaded
onto the survey boat for each measurement operation. Before loading
the equipment onto the boat, data acquisition is started by sending a
turn-on signal through the control computer. Clock synchronization is
also performed by GPS. The measurement point and the survey boat
position are located using GPS instruments.
At the measurement site, the MT receiver with baseboards is
deployed, and then two anchors (Fig. 6c and d) and a buoy with a
ﬂag (Fig. 6f) are deployed sequentially using the rope. In order to
ﬁx the MT receiver on the seaﬂoor, the baseboard and two anchors
are connected to a 100-m rope (Fig. 6b) that has a visible marker
ﬂag on the sea-level end (Fig. 6f). This rope is also used to retrieve
the anchors and the MT receiver using a winch.
On the seaﬂoor, theMT receiver measures the electric and magnetic
ﬁelds and stores them inﬂash cardmemory. Theorientation andmotion
of the receiver are also recorded by a compass during measurement.
Typically, after three days (more than 60 h) of data acquisition, the
survey boat with an empty deck returns to the deployment point
and recovers the equipment. Retrieval of the MT receiver is simply
performed by reversing the deployment operation. The buoy and ﬂag
are ﬁrst captured, and then the two anchors and the EM receiver are
retrieved by pulling up the rope using a winch. The recoveryFig. 5. Photograph of the new marine MT receiver.
Table 1
MT receiver system speciﬁcations.
Size
Height 250mm (max)
Weight 143.5 kg (in the air)
44.0 kg (in water)
Water resistance Up to 250m
Dipole length 5m
Data logger/electronics
Channel 4 (Hx, Hy, Ex, Ey)
A/D 24bit/1ch
Frequency band DC— 5000Hz
Data storage 8GB Compact ﬂash card
Synchronization GPS (under± 1 μsec)
Power supply D-cell: 12 pieces for digital
AA-cell: 4 pieces for analog
26 T. Ueda et al. / Journal of Applied Geophysics 100 (2014) 23–31operation without pop-up devices such as glass spheres enables the
system to be short andmore stable with respect tomotion noise caused
by sea waves. Moreover, the method leaves nothing behind, whereas
conventional OBEMs are sometimes recovered while leaving concrete
anchors on the seaﬂoor. This remains-free data acquisition is important
for geophysical exploration in areas where coastal ﬁshing is active.3. Field experiments and data processing
3.1. Study area
We have conducted ﬁeld experiments on the proposed marine
EM receiver system at the Horonobe coastal area in the northeast
part of Hokkaido Island, Japan. The Horonobe coastal area is located
in the western part of the Tenpoku region (Fig. 2). This area is
part of a sedimentary coastal basin, which is composed of poorly
compacted Neozoic sand-, silt-, and mudrocks. These formations
are unconformably overlain by terrace deposits, alluvium, and
lagoonal deposits (unconsolidated deposits of gravel, sand, and mud)
(e.g., Koshigai et al., 2012).
In this region, the Horonobe Underground Research Laboratory
(URL) of the Japan Atomic Energy Agency (JAEA) and several research
institutes have been conducting scientiﬁc and technical research and
development in order to clarify the basic knowledge for geological
disposal through the investigation of the actual deep geologicala b c d
e
f
g
seafloor
Fig. 6. Sketch of the newmarine MTmeasurement system.(a) Electric and magnetic ﬁeld
receiver, (b) rope, (c) and (d) anchors, (e) water ﬂowmeter, (f) buoy with a ﬂag, and (g)
survey boat.environment in sedimentary rocks and various geophysical, geochemical,
and hydrological research (Hama et al., 2007; Tokiwa et al., 2013).
Since 2007, we have also been conducting research on hydrological
(Ikawa et al., 2012; Ito et al., 2010; Koshigai et al., 2012) and geophysical
methods for seamlessly evaluating geological structure from land to sea.
In addition to the availability of geoscientiﬁc information obtained
by these various previous and ongoing studies, the sea depth of the
Horonobe coastal region is also important to the present study. In this
area, the sea depth is shallower than 60m, even at a distance of 10km
from the shoreline with a gradient of 1/1000. Therefore, this area
is suitable as a test site for offshore, very-shallow-water MT surveys
using the newly developed MT measurement system.
3.2. Field experiment
We conducted ﬁeld experiment observations at the Horonobe
shallow-water area in order to evaluate the performance of the proposed
MT receiver. In 2010 and 2011, we conducted data acquisition at 24
measurement sites (MA0–MA11, MB0–MB11) aligned at approximately
1000-m intervals along two parallel survey lines (Lines A and B), each
of which is approximately 12km long (Fig. 7).We set two parallel survey
lines that are aligned approximately perpendicular to the shoreline in
order to conﬁrm the two-dimensionality of geological formation, because
the geologic setting indicates that the coastal plain has an almost 2D
geologic structure with a northeast–southwest orientation (e.g., Amo
et al., 2007; Tokiwa et al., 2013).
The sea depths at sites MA0 and MB0, nearest the shoreline, are
approximately 4 m, and those of MA7 and MB7 are approximately
45 m. The site names and corresponding water depths are shown in
Table 2. Because of the very-shallow-water depth of the Horonobe
coastal area, the deployment and recovery operations were carried out
using a ﬁve-ton class ﬁshing boat having a length of 11.85 m and a
displacement of 4.8 T (Fig. 8). The MT data were acquired for a period
of at least three days (including two nights) atmost of the survey points.
However, at MA0 and MB0, because of poor weather conditions, we
recovered the EM receivers one day after deployment in order to
avoid the risk of being buried by seaﬂoor sand.
3.3. Data processing
At all survey sites, wemeasured the natural EM ﬁelds between 10−4
and 700Hz as the time series data. The observed data, which are stored
on a compact ﬂash memory card, are immediately downloaded to
a personal computer upon arrival at port. The downloaded data are
transformed into data processing format, and three frequency band data
sets are generated at different re-sampling rates. For the high-frequency
(HF) band, 500-Hz sampling is selected, which is approximately the
same as the original sampling rate for data acquisition. For the mid-
frequency (MF) band and the low-frequency (LF) band, the sampling
rates are set to 62.5 and 8.7125 Hz, respectively. Table 3 presents the
speciﬁcations for the ﬁeld test.
For the entire measurement period of the time series data, high-
quality data ranges are selected by the operator for use in data
processing of the data of each frequency band. The power spectrum
of the electric and magnetic ﬁelds is computed with the cascade
decimation (Wight and Bostick, 1980) using the selected high-quality
time series data and then transformed into an impedance tensor. In
order to obtain better quality data over the entire frequency range, we
applied remote reference processing (e.g., Vozoff, 1991) by setting up
a remote site in the northeastern area of Honshu Island, Japan, which
is approximately 500 km from the marine MT measurement sites
(shown in Fig. 7 as MT Remote Reference). The remote reference
processing successfully improved the MT data quality of both land and
marine data.
The apparent resistivity and phase computed at each frequency
band are combined to obtain the apparent resistivity and the phase
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Fig. 7.Map of various geophysical surveys including marine MT (open squares for 2010 and white squares for 2011), land MT (small white dots with gray edges), land seismic (dashed
line), 2D MT inversion line (solid line), and DD1 drilling location (star) in the Horonobe coastal area. (Google Maps, Imagery (c) 2013 TerraMetrics, Map data (c) 2013 Google, ZENRIN).
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resistivity, the phase, and the other MT parameters. Fig. 9 shows the
apparent resistivity and phase of both onshore sites (1102 and 1119)
and offshore sites (MA1,MB4, MB7, andMA9). Although there is almost
no human activity noise in the Horonobe offshore region, sea wave
motion noise occurs primarily between 0.1 and 1 Hz, especially at
shallow-sea-depth stations. Noise contamination with a period of 0.1
to 1 Hz is clear in both the apparent resistivity and phase curves at
MA1, where the sea depth is 3.9m (Fig. 9c). Although sea wave motion
noise still exists atMB4 andMB7 (Fig. 9d and e), the effective frequency
range becomeswide. AtMA9with a sea depth of 51.6m,we can see very
little sea wave motion noise, even with a period of from 0.1 to 1Hz and
obtain high-quality data over the entire frequency range (Fig. 9f).
Although remote referencing could improve the data quality, there are
still noise contaminations effected by sea wave motion, especially in
the frequency range from 0.1 to 1 Hz at shallow-water sites such as
MA1. This is because remote referencing is not able to eliminate local
noise completely but can reduce noise. For better quality data, including
0.1 to 1Hz at shallow-water sites, long-time data acquisition and calmTable 2
Seaﬂoor MT station and sea depth.
Line A site (depth m) Line B site (depth m)
MA0 (3.9) MB0 (3.8)
MA1 (7.5) MB1 (8.3)
MA2 (13.4) MB2 (13.2)
MA3 (19.4) MB3 (19.6)
MA4 (26.8) MB4 (26.1)
MA5 (32.6) MB5 (35.1)
MA6 (38.0) MB6 (40.3)
MA7 (44.0) MB7 (43.0)
MA8 (48.1) MB8 (47.6)
MA9 (51.6) MB9 (51.5)
MA10 (54.9) MB10 (54.1)
MA11 (57.9) MB11 (57.3)weather conditions are important, as is the case with onshore MT
measurement.
4. Data inversion and interpretation
In addition to offshore MT measurements, land MT data acquisition
was conducted at measurement sites (stations 1101–1129 along
Line A and 1201–1230 along Line B) aligned at approximately 500-m
intervals along two parallel survey lines (Lines A and B in Fig. 7)
connecting seaﬂoor MT survey lines.
According to pre-existing results of geological and geophysical studies
of this region (e.g, Amo et al., 2007, Tokiwa et al., 2013), geological
formation has the two-dimensionality in northeast–southwest direction
that is orthogonal to the shoreline. Our onshore and offshore MT survey
lines are also set to parallel to this two-dimensionality. Then, using
both onshore and offshore MT data simultaneously, we performed
2D inversion of TE, TM, and tipper data for each of the two parallel
proﬁles. The total length of MT proﬁles A and B is approximately
22km. Each of the sea and land parts is approximately 11km in length.
There are 29 and 30 MT sites on land proﬁles, as indicated by Lines A
and B (Fig. 7), respectively. In offshore survey lines A and B, there are
12 seaﬂoor MT sites along each line.
In order to invert the land and seaﬂoor MT data, we used a
smoothness-constrained 2D inversion (Uchida and Ogawa, 1993).
In this inversion scheme, the earth was divided into multiple blocks
of constant resistivity, and the logarithm of each block's resistivity was
adopted as the desiredmodel parameter. In the inversion algorithm, the
objective function U to be minimized is given by
U ¼ Wdobs–WF mð Þj jj j2 þ λ Dmj jj j2; ð1Þ
where dobs is a set of observed data, m is a vector of unknown model
parameters, F is a nonlinear forward modeling function with respect
to a speciﬁc resistivity distribution, W is a diagonal weighting matrix,
Fig. 8. Photograph of the survey boat (left) and the deployment of the MT measurement system using the rear deck crane and winch (right).
28 T. Ueda et al. / Journal of Applied Geophysics 100 (2014) 23–31D is a Laplacian operator matrix that computes the roughness of m,
and λ is the regularization or trade-off parameter. The parameter λ
determines the relative signiﬁcance in the objective function of the
ﬁrst and second terms in the right-hand side of Eq. (1). Estimation
of m depends on the value of λ. The most appropriate value of λ is
determined using an empirical Bayesian approach, namely, Akaike's
Bayesian information criterion (ABIC) minimization (e.g., Mitsuhata,
2004; Mitsuhata et al., 2002). The TE-mode and TM-mode ρa and ϕ
were adopted as dobs, and the inversion process was performed
iteratively. For each iteration, the Jacobian matrix is computed for the
previous iteration's model vectorm, andm is updated by minimization
ofU, given the optimumvalue ofλ. In order to computeMT responses of
offshore measurements, a modiﬁed version of Uchida and Ogawa
(1993), which is able to calculate electric and magnetic ﬁelds on the
seaﬂoor by Goto (2010, personal communication) is implemented as a
forward modeling calculation method.
In inversion, a total of 34 frequencies ranging from 0.0134 to
1300 Hz for onshore sites and 29 frequencies ranging from 0.0134 to
115Hz for offshore sites are used. At every site, the data contaminated
with noise, such as the data within the frequency range of 10−2 to 100
of the sites under shallow water (e.g., MA1 in Fig. 9c), are excluded
from inversion. FEM forward modeling includes topography and
bathymetry. A rectangular cell having a depth of 2 m and a length of
60 m at the surface is used for FEM discretization. The cell sizes in
vertical direction are extended with respect to depth. The seawater
resistivity is ﬁxed at 0.23 Ω-m and was not changed during iterative
optimization.
The ﬁnal 2D resistivity model of Line A calculated by the iterative
inversion of both land and seaﬂoor MT data is shown in Fig. 10 along
with seismic interpretation. Predicted data computed with the 2D
model are presented in Fig. 9 as solid and dashed lines. A 2D resistivity
model and seismic interpretation clearly indicate that a quaternary
sedimentary layer of a few hundred meter thickness, which was
determined to be a fresh water layer by the drilling, extends for aTable 3
Field-test speciﬁcations.
Number of survey sites 16 sites (2010)/8 sites (2011)
Measurement time Maximum 3 of nights
Sampling frequency 500Hz
Measurement component Hx, Hy, Ex, Ey
Remote reference Over 500 km far from the test ﬁelddistance of several kilometers under the sea. We have also obtained
similar results for the 2D inversion of Line B.
In the onshore Horonobe coastal region, a seismic reﬂection survey
was carried out along MT proﬁle line A in this project (Fig. 7). Based
on a P-wave reﬂection survey, Yokota et al. (2012) presented a depth-
converted migration section with an estimated geological interface
(Fig. 11).
We also performed well logging at a depth of 1000m on land near
the coastline and obtained detailed geological information for the area
(e.g., Ikawa et al., 2012; Koshigai et al., 2012). The location of the
1000-m borehole, denoted by DD1, is also shown in Fig. 7. The resulting
chlorine concentration in pore water (mg/l) as a function of the pore
water sampling depth from DD1 is shown in Fig. 12(a). The resistivity
log data from the surface to a depth of 1000 m at the DD1 drilling is
also shown in Fig. 12(b). It is clear that, below 500 m, the high Cl
concentration corresponds to the low-resistivity log results.
In the 2D resistivity model (Fig. 10), beneath the onshore MT
sites (1101–1111), there is a thin (10–30m) relatively conductive
(1–10 Ω-m) layer in the resistive background (10–100 Ω-m) at a
depth of approximately 50 m. We also found this conductive layer
through our onshore time-domain EM survey. According to Sakai et al.
(2011, 2012), this layer has been interpreted as a lagoon deposit of
silt clay. In the present paper, we do not focus on this conductive layer
in our hydrogeological interpretation of the entire Horonobe coastal
area. However, this conductive layer is important for shallower and
more local hydrological research (Sakai et al., 2011, 2012).
We then interpreted these geophysical and geological results in
order to evaluate the structures of the Late Neogene and quaternary
sedimentary layers and to estimate the distribution of saline and
freshwater aquifers beneath land and beneath the seaﬂoor. According
to thewell logging data (Fig. 12) andKoshigai et al. (2012), a quaternary
sedimentary layer, the Sarabetsu Formation, has a thickness of
approximately 500 m at the coastline and is overlain by an alluvium
formation of approximately 100 m in thickness. Below the Sarabetsu
Formation is the Yuchi Formation, which is a late Neogene sedimentary
layer that is approximately 1km thick at the drilling location. The Yuchi
Formation is underlain by the Neogene Koetoi Formation.
The 2D resistivity model (Fig. 10) and thewell logging data (Fig. 12)
also indicate that Neogene sedimentary layers have low resistivity
because of fossil saline water included during the time of submarine
sedimentation (Hama et al., 2007; Koshigai et al., 2012). In contrast,
the Quaternary Sarabetsu Formation is resistive on land because the
conductive saline water during the sedimentation was later washed
out by resistive fresh rainwater.
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Fig. 9. Apparent resistivity (top) and phase (bottom) curves at MT sites (a) 1119 and (b) 1102, and offshore sites (c) MA1, (d) MB4, (e) MB7, and (f) MA9. The black dots indicate the xy
component, and the white squares indicate the yx component. Predicted data computed with the inversion result model are shown as solid (XY) and dashed (YX) lines. The data
contaminated with noise, such as the data within the frequency range of 10−2 to 100 of the sites under shallow water, are excluded from inversion.
29T. Ueda et al. / Journal of Applied Geophysics 100 (2014) 23–31The geoelectrical model (Fig. 10) shows that upper part of the
Sarabetsu Formation beneath the seaﬂoor also exhibits relatively high
resistivity (approximately 10 to 100Ω-m), although this area is under
seawater. This high-resistivity quaternary formation extends more
than 10 km offshore. We estimate that this resistive zone below theseaﬂoor was created by the regression–transgression sequence of the
coastline during cycles of glacial and interglacial ages.
Meisler et al. (1984) and Cohen et al. (2010) presented similar
models for the existence of relatively fresh groundwater beneath the
Atlantic continental shelf of North America. The hydrological model of
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Fig. 10. Two-dimensional electrical resistivity model for the Horonobe coastal area
obtained by inversion of land and seaﬂoor MT data. The stratum boundaries estimated
based on an existing seismic reﬂection survey (Fig. 11) on land are overlaid (blue lines
with geological layer names)
30 T. Ueda et al. / Journal of Applied Geophysics 100 (2014) 23–31the Horonobe coastal area based on our geophysical investigation is
consistent with their models. Further investigations, such as offshore
seismic investigations and drilling investigations, are required in
order to conﬁrm the geological and hydrological structure beneath
the seaﬂoor.
5. Conclusions
Wehave developed a newmarineMTmeasurement system that can
be applied to measurement in a shallow seawater area, such as coastal
regions. The difﬁculties of EM explorations in shallowwater and coastal
areas include (1) ﬁshery activity, (2) limitations of survey vessel size,
and (3) motion noise caused by sea waves.
In order to overcome these difﬁculties, we selected a magnetotelluric
(MT)method that uses natural EMﬁeldswithout transmitting an electric
current and/or amagneticﬁeld in seawater,which enables themethod to
be used in areas with active inshore ﬁsheries. In addition, the developed
marine MT system is very short in order to reduce motion generated by
sea waves and is compact, which enables light-draft small survey boat
operation.
We then conducted an onshore MT survey and offshore data
acquisition using the proposed marine MT system at the Horonobe
coastal area, Hokkaido, Japan. High-quality data were successfullyD
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Fig. 11. Depth converted migration section along the P-wave reﬂection survey line shown
in Fig. 7 by the dashed line labeled “Onshore seismic”. The solid line indicates the
geological interface (after Yokota et al., 2012).obtained in both onshore and offshore ﬁeld surveys. 2D inversion
for ﬁeld data from onshore to the sea bottom has revealed that a
quaternary sedimentary layer of a few hundred meters in thickness,
whichwas determined by drilling to be a freshwater layer, extends to a
distance of several kilometers under the sea.
The results of the present study indicate that the proposedmarineMT
system can be used to clarify brackish/fresh groundwater distributions
and structures in coastal areas for the purpose of HLW site evaluation.Acknowledgments
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